Short-term stability of measurements of antimicrobial susceptibility of Escherichia coli isolated from feces of feedlot cattle is important in developing monitoring and surveillance programs. Frequent evaluations (i.e., daily) are resource intensive and in some situations may be impractical for long-term sampling protocols. Consequently, a point-in-time measurement will need to be used to represent conditions in the perisampling period. In this study, 30 fecal samples were collected from each of 6 cattle pens on a commercial cattle feedlot on 2 occasions separated by 48 hours. Escherichia coli was isolated from single and pooled samples. The isolates were tested for antimicrobial susceptibility against a panel of 17 antimicrobials. Resistance to 5 antimicrobials (ampicillin, nalidixic acid, streptomycin, sulfamethoxazole, and tetracycline) was detected in single and pooled samples from both sampling periods (days 1 and 3). The prevalence of isolates resistant to these 5 antimicrobials was 2% or higher in all treatment combinations except for pools obtained from day 3 samples. Lower levels of resistance to 6 more antimicrobials were detected inconsistently across the single and pooled samples. Logistic models constructed for the antimicrobials to which the E. coli isolates were most commonly resistant demonstrated that there were no significant differences between periods (P Ͼ 0.10) and between single and pooled samples (P Ͼ 0.20). The distribution of the number of antimicrobials to which isolates were resistant was consistent for the single samples across periods, but there appeared to be a lower prevalence of any resistance in day 1 pooled samples. A larger number of resistant phenotypes were detected in the single samples than in the pooled samples, and resistant phenotypes with prevalence of less than 2% were detected inconsistently across periods and single and pooled samples. Resistance to individual antimicrobials was consistent by all measures when the prevalence was at least 2%. Inconsistent results were obtained for antimicrobials to which resistance rarely occurred. The apparent inconsistencies do not appear to be related to external factors but rather to sampling intensity. Short-term stability is a plausible assumption under sampling strategies that are designed to detect specific levels of prevalence. However, when resistance levels fall below these levels, there will likely be fluctuations in the presence or absence of rare resistant phenotypes and in their prevalence and central tendency measures.
Monitoring systems for antimicrobial resistance associated with food animals are being developed and implemented throughout the world in response to public and animal health concerns. In the United States, the National Antimicrobial Resistance Monitoring System for Enteric Bacteria (NARMS-EB) is a collaborative effort of the Centers for Disease Control and Prevention, the Food and Drug Administration (FDA), and the United States Department of Agriculture, formed to monitor antimicrobial resistance in bacteria isolated from humans, animals, and animal products. 3 One of the specific goals of NARMS-EB is to provide descriptive data regarding the extent and temporal trends in antimicrobial resistance in enteric bacteria from human and animal populations. The NARMS-EB isolates selected for resistance testing are from both clinical and nonclinical sources. 7 A second monitoring system in the United States is part of the FDA's Center for Veterinary Medicine proposed framework for evaluating the use of antimicrobial drugs in food animal (FDA, http://www.fda.gov/cvm/antimicrobial/ avframework.htm). The framework includes both pre-and postapproval monitoring for antimicrobial resistance development. These monitoring efforts, as well as other studies of antimicrobial resistance in food animal populations, require the use of appropriate sampling methods to ensure that the resulting data can be used effectively to make sound decisions.
Monitoring efforts that are not solely reliant on the testing of clinical isolates will need to involve active sample collection strategies from the animal species of interest. The breadth of the animal populations that need to be monitored on a national basis in the United States and the expense of antimicrobial susceptibility testing will likely make it impractical to implement longitudinal sampling on a frequent basis. Similarly, specific studies that are to be designed to focus on longer-term changes in the antimicrobial resistance pattern in a group of animals, such as feedlot cattle, likely will depend on weekly, monthly, or quarterly sampling efforts to describe resistance in the bacterial population. The use of a point-in-time description of antimicrobial resistance, such as a specific day in a week, is based on the assumption that the measured outcome is representative of the time period.
If the antimicrobial resistance outcomes were representative of the time period, one would expect that short-term variability in resistance profiles should be minimal, barring an intervention, such as diet, weather change, or new exposure to antimicrobial selection pressure. The issue of resistance variability extends beyond that which may be occurring biologically to include variability due to sampling, handling, processing, and antimicrobial susceptibility testing. In most situations, it would be difficult to separate the variation in resistance due to animal or environmental factors and factors related to the process of susceptibility testing. If the total variation in measured antimicrobial resistance over short time periods is large, then it may be difficult to interpret findings when differences in resistance patterns are detected over time.
The objective of this study was to determine the short-term repeatability of measurements of antimicrobial resistance in Escherichia coli isolated from the feces of feedlot cattle. Specifically, the intention of this study was to compare resistance patterns for E. coli isolated from fecal samples collected from pen floors 2 days apart using both single and pooled fecal samples.
Materials and methods
Study population. Fecal samples were collected on 2 separate occasions (days 1 and 3) from each of 6 randomly selected pens of cattle on a commercial feedlot in central Colorado. The 2 sampling occasions were 48 hr apart. Four of the pens were 41,800 square feet (7766.7 square meters) in size, and the remaining 2 pens were 83,600 square feet (3883 square meters). The smaller pens contained between 191 and 261 beef steers, whereas the larger pens had 519 and 565 beef steers. All cattle had been on the feedlot for at least 129 days and were on a finishing diet, which contained tylosin and an ionophore. On each visit, fecal samples were collected from the interior of 30 fresh fecal pats found on the floor of each pen. Approximately 50 g of fecal material was collected from each fecal pat using a gloved hand. Gloves were changed between samples. Efforts were made to collect the fecal samples from sites throughout the pen to minimize the likelihood of collecting multiple fecal samples from the same animal. The samples were cooled on ice and transported to the laboratory.
In the laboratory, approximately 1 g of fecal material from each sample was placed in a 50-ml conical tube. In addition, pools of 5 fecal samples were prepared in the laboratory. Each single fecal sample was assigned randomly to a pool of 5 single samples. Each single fecal sample contributed approximately 0.2 g to only 1 pool of 5 samples. A wooden applicator was used to transfer the fecal material to 50-ml conical tubes. Ten milliliters of 0.9% (normal) saline was added to each tube. The tubes were vortexed to mix the saline and the fecal material and then were refrigerated overnight at 3 C. The next day, the diluted samples were shipped for overnight delivery to a second laboratory that conducted the culturing and antimicrobial susceptibility testing.
Culture and antimicrobial susceptibility testing procedures. Culture and testing methodologies have been previously described in detail. 9 In brief, diluted fecal material was inoculated onto MacConkey-MUG agar plates a using swabs then struck for isolation of E. coli. After incubation, presumptive E. coli colonies were identified as lactose positive (bright pink) and, under ultraviolet light, glucouronidase positive (colony periphery had a bluish appearance). One colony from each single-sample agar plate and 3 colonies from each pool of 5 agar plate were selected and transferred to individual nutrient agar slants and incubated for another 18-24 hr. In preparation for antimicrobial susceptibility testing, MacConkey agar plates were then inoculated with bacteria from the slants. Colonies were selected from these plates and placed in separate tubes with 5 ml of sterile water, and turbidity was adjusted to a 0.5-McFarland standard. After mixing, 10 l of the bacterial suspension was used to inoculate 10 ml of cation-adjusted Mueller-Hinton broth, which was then used to inoculate 96-well plates containing different quantities of antimicrobial drugs for susceptibility testing. The plates were incubated at 35 C for 18-24 hr and then read using a semiautomated broth dilution system. b On the basis of growth in individual wells, the minimum inhibitory concentrations (MIC) of 17 antimicrobial drugs were determined using an automated plate-reading apparatus. The 17 antimicrobials and dilution ranges were selected to parallel the panel used by the NARMS-EB (Table 1 ). 4 The MIC for each antimicrobial was used to classify the isolate as susceptible, intermediate, or resistant (SIR) according to standards used to classify bacteria isolated from human sources as determined by the National Com- mittee on Clinical Laboratory Standards and as used by the NARMS-EB surveillance program. Currently, veterinary breakpoints for the antimicrobials used in this study have not been verified. 5 Recorded MIC values were truncated at the limits of the concentrations in the wells. Statistical analysis. Statistical analyses were performed both on the categorical SIR and the MIC outcomes of the antimicrobial resistance testing. The proportion of isolates resistant to each of the 17 antimicrobials and the associated standard error were determined using Stata software. c The survey procedures in Stata allow for calculation of standard errors using the delta method (first-order Taylor series approximation) to account for the lack of independence of multiple isolates taken from a sample and for the nesting of samples within pen. 6 Unless specified, all statistical analyses accounted for the study's sampling design. Logistic regression models were constructed to evaluate the effects of pooling (single vs. pooled samples) and period (day 1 vs. day 3) on resistance to the antimicrobials for which the E. coli was most commonly resistant (ampicillin, cephalothin, chloramphenicol, kanamycin, nalidixic acid, streptomycin, sulfamethoxazole, and tetracycline). For other antimicrobials, the prevalence of resistance was low, resulting in unstable logistic models.
The number of antimicrobials to which each isolate was resistant, the multiple resistance count, was determined. A chi-square test was performed to compare the distribution of the multiple resistance count between the treatments of interest (single sample day 1 period vs. single sample day 3, pools of 5 samples day 1 vs. pools of 5 samples day 3, and single animal samples vs. the pools of 5 samples).
An antibiogram was constructed to describe phenotypic resistance patterns for single and pooled samples from each period. Intermediate test results were grouped with susceptible results for this purpose.
The analysis of the MIC data included calculation of descriptive measures such as the MIC 50 and the geometric mean. In addition, a design-based chi-square test was used to evaluate differences in the MIC distributions between the 2 periods and the differences between single and pooled samples. The MIC values were treated as categorical for this analysis because of the relatively few MIC values that were observed for each antimicrobial drug.
For the chi-square test and others used in this study, the alpha value was set at 0.05. All analyses not performed in Stata were performed using version 8.1 of SAS. d
Results
A total of 570 isolates from single (n ϭ 357) and pooled (n ϭ 213) samples were evaluated to characterize antimicrobial susceptibility patterns. The total number of isolates tested reflects the loss to analysis of 6 isolates during processing. Resistance to 5 antimicrobials (ampicillin, nalidixic acid, streptomycin, sulfamethoxazole, and tetracycline) was present in isolates of E. coli (not serotyped) in both time periods and in the single and pooled samples ( Table 2) . No resistance was found to 6 antimicrobials (amikacin, amoxicillin-clavulanic acid, apramycin, cefoxitin, ceftiofur, and gentamicin) in any isolates from single or pooled samples. Resistance to trimethoprim-sulfamethoxazole was detected in isolates from single samples from both periods (prevalence ϭ 1.7% and 0.6%, respectively) but only in isolates from the day 1 pooled samples (prevalence ϭ 0.9%). Similarly, cephalothin resistance was detected in isolates from single samples from both periods (prevalence ϭ 0.6% in both periods) but was detected only in isolates from day 3 pooled samples (prevalence ϭ 1.9%). Kanamycin resistance was detected only in isolates from the day 3 samples (prevalence ϭ 0.6%). Ceftriaxone resistance was detected in the day 1 single-sample isolates (prevalence ϭ 0.6%) and the day 3 pooled-sample isolates (prevalence ϭ 1.0%). Resistance to the last 2 antimicrobials chloramphenicol and ciprofloxacin occurred only in the day 3 single-sample isolates (prevalence ϭ 1.7%) and the day 1 pooled-sample isolates (prevalence ϭ 0.9%), respectively.
The base levels (reference levels) used for the 5 logistic regression models were single samples and day 1 samples. Odds ratios represent the likelihood of an isolate being resistant compared with these base levels. Based on the fitted logistic regression models, it was found that the odds of an isolate being resistant on day 3 were similar to that of an isolate obtained on day 1 for these antimicrobials (P Ͼ 0.10, Table 3 ). Similarly, the odds of isolates from a pooled sample being resistant to any of the 5 antimicrobials did not differ from that of the isolates from single samples (P Ͼ 0.20, Table 3 ). The distributions of multiple resistance counts from the single-sample isolates were similar between the 2 periods (P ϭ 0.94) ( Table 4 ). In both periods, pentaresistance occurred rarely in the single samples and was not detected in any of the pooled samples. Single isolates of the resistant phenotype combinations of ampicillin, streptomycin, sulfamethoxazole, tetracycline, and trimethoprim-sulfamethoxazole and of chloramphenicol, nalidixic acid, streptomycin, sulfamethoxazole, and tetracycline were found in the days 1 and 3 single samples, respectively. The distribution of the multiple resistance counts in the single samples compared with the pooled samples was not significantly different in either the day 1 (P ϭ 0.160) or the day 3 (P ϭ 0.721) samples. The percentage of isolates with no resistance was substantially higher in the day 1 pooled samples (Table 4 ). Concomitantly, fewer of the isolates in the day 1 pooled samples had resistance to only 1 antimicrobial.
In combination, the antibiograms for both periods and the single and pooled samples resulted in the identification of 28 unique resistant phenotypes ( Table 5 ). The phenotype resistant to tetracycline only was the most common resistant phenotype in both periods and in both single and pooled samples. Only 2 other resistant phenotypes, Sul/Tet and Sul/Tet/Str, were found in isolates from both periods and from single and pooled samples. The number of resistant phenotypes found in isolates from the days 1 and 3 period single samples, 16 and 19, respectively, although similar to each other, were high compared with the number identified from pooled samples from both periods, 11 and 10, respectively. Of the 28 resistant phenotypes, 9 were found only in the single samples, and 2 were found only in the pooled samples. Single samples from the 2 periods had 10 resistant phenotypes in common, whereas pooled samples had only 4 resistant phenotypes in common. Eleven resistant phenotypes occurred in only 1 of the period and pooled sampling combinations. All 11 of these resistant phenotypes were represented by a single isolate. The descriptive statistics for MICs depicted a consistent pattern across the 4 different sampling combinations (combinations of day 1, day 3, and single and pooled samples) for the majority of antimicrobials (Table 6). For 9 of the antimicrobials, the MIC values were predominated (Ͼ90%) by a single dilution value, the lower end of the detection limit for the plates (Table 6). The design-adjusted chi-square test revealed significant differences between the sampling combinations in the MIC values for 3 antimicrobials: chloramphenicol (P Ͻ 0.001), ciprofloxacin (P ϭ 0.006), and sulfamethoxazole (P ϭ 0.013). The MIC values for chloramphenicol for isolates from day 3 were higher than those for the samples taken from day 1 although the differences were not large ( Table 6 ). The MIC distribution for ciprofloxacin was skewed to the right because the lowest value represented 90% or more of the isolates from both periods and in both single and pooled samples. The skewness resulted in sparse data at higher MIC values. A single isolate with an MIC value of 4.0 g/ml for ciprofloxacin was found in a day 1 pooled sample, and the next highest MIC value for any isolate was 0.25 g/ml. Isolates from day 3 pooled samples appeared to have lower MIC values for streptomycin than those of the single samples or day 1 pooled samples, although all the distributions appeared to be bimodal. The distribution for tetracycline MIC values also tended to be bimodal, although a slightly higher percentage (31.4%) of the isolates from the day 3 pooled samples occurred at the highest MIC value (32) as compared with the other sampling combinations. 
Discussion
The assumption of short-term repeatability in measuring antimicrobial resistance in isolates obtained from feedlot cattle is critical for allowing researchers to interpret susceptibility results and, ultimately, in making longitudinal and monitoring studies practical in terms of both human and economic resources. In this study, several criteria, based on both SIR and MIC data, were used to evaluate short-term repeatability. Prevalence of resistance to individual antimicrobials was consistent between the 2 periods and between single and pooled samples when the resistance prevalence for the tested isolates was at least 2%. However, for the antimicrobials to which resistance occurred rarely, the detection of resistance using either the single or pooled samples was inconsistent between the 2 periods. The multiple resistance count was similar for the 2 periods and for the single versus pooled samples, but evaluation of the antibiograms revealed that there were substantial differences in resistant phenotypes detected using the different sampling methods. The ranges and measures of central tendency for MIC values were fairly consistent for both the periods and the single and pooled samples.
Pooling of fecal samples can result in a cost savings due to reduced culture costs, but there are disadvantages when sampling for antimicrobial resistance. A recent study demonstrated that pooling may not be practical because of the limitations placed on the number of bacterial isolates that can be tested from a single pool. 9 Bias in prevalence estimates could potentially be introduced if unequal portions of fecal material from different cattle are mixed or if there is some competitive advantage for specific resistant phenotypes in culture. Also, when pooled samples are mixed, it may not be possible to completely disperse clusters of cells even from a single animal. 1, 9 Consequently, when subsamples are taken for culture, there is a predisposition for sampling from 1 or 2 animals rather than a truly equal probability of sampling organisms from all animals. Results from this study, however, do not indicate the presence of a consistent bias in the ability of pooled samples to estimate antimicrobial resistance relative to the individual samples. Neither pooled nor individual samples consistently detected the rarer resistant phenotypes in this study.
Repeatability of antimicrobial resistance outcomes can be affected by factors related to the sampling design, such as sample size and susceptibility testing processes, or by actual changes in the antimicrobial susceptibility pattern of the bacterial populations. Although a change in the baseline antimicrobial susceptibility in the populations cannot be ruled out, there was no evidence that external factors had been altering the population directly over the 2-day study period. In the 2 weeks before sampling, only 1 animal in the 6 pens was treated parenterally with an antimicrobial (ceftiofur). All the cattle had been on feed in their respective pens for at least 129 days (average body weight Ͼ 1,143 pounds [518.5kg]). The cattle had been on the same finishing ration for approximately 100 days.
If the inconsistencies in antimicrobial resistance measurements observed in this study, especially in the detection of rare resistant phenotypes, are not readily attributable to shifts in the microbial population, then sampling issues must be considered. A recent study demonstrated that differences in the presence or absence of resistant phenotypes in samples taken from feedlot cattle were attributable to sample sizes that were probably insufficient for detecting rare resistant phenotypes. 9 Another study found that the number of serologic types found in human fecal samples increased with the larger numbers of isolates tested. 8 In a third study, fecal swabs were obtained from 20 pigs daily for 32 days. 10 Twenty-five E. coli isolates were tested for antimicrobial susceptibility to 2 antimicrobial drugs. Substantial variation was observed in the proportion of isolates that were resistant throughout the period. The conclusion was that feces must be sampled daily for not less than 25 days to account for the ''random appearance'' of resistant phenotypes that persist for only a day or two. Sampling at intervals of 5-7 days was not recommended because of the observed variability. The laboratory burden of their sampling protocol (20 pigs ϫ 25 isolates ϫ 32 days), notably, was very time intensive and resource intensive.
The sampling design used in this study was based on a proposed design for a longer-term monitoring program that was intended to have repeated samples taken from a set of feedlot cattle pens over the duration of the feeding period. This study demonstrated that short-term variation in bacterial resistance measures appears to be relatively small.
Reduction of variation in the short term potentially should allow for these sampling methods to detect biologically and statistically significant changes in resistance measures affected by management or environmental factors over longer time periods. However, if the objective of the monitoring program is to detect changes in the occurrence of rarer resistant phenotypes, in the absence of management or environmental interventions, which would substantially alter the prevalence, then the short-term variation likely will make it difficult to detect long-term changes.
Simply increasing the number of isolates taken from each agar plate appears to be one solution for increasing the sensitivity of the monitoring program to detect changes in the prevalence of rare resistant phenotypes. However, the potential for clustering of antimicrobial resistant phenotypes within a sample suggests a nonlinear response in the amount of information gained from increasing the number of isolates within a fecal sample. One study of antimicrobial resistance in swine found that the precision of resistance estimates did not improve noticeably when more than 5 colonies were selected per swine fecal sample. 2 Another study demonstrated clustering of antimicrobial resistant phenotypes among isolates from feedlot cattle fecal samples and suggested that fewer than 5 isolates per sample is a reasonable guideline. 9 Wagner et al. 9 suggested increasing the number of fecal samples, if possible, to increase the total number of isolates being tested for susceptibility.
Resource constraints, given the current culture and susceptibility testing methodologies, make it impractical to sample large numbers of isolates and evaluate susceptibility on a daily basis when the objective is to determine long-term trends. Therefore, the strategy of including samples taken at a given point in time is 1 way to represent the susceptibility patterns during the perisampling period. The results of this study indicate that short-term stability makes this a plausible assumption. This study also indicates, however, that researchers should be cautious about the interpretation of the presence or absence of rare resistant phenotypes or small fluctuations in prevalence and central tendency measures. Intermittent occurrence of rare isolates may or may not be reflecting actual trends in the antimicrobial resistance pattern of the bacterial population. Small differences in the occurrence of rarer resistant phenotypes over long time periods, thus, may not be reflecting actual differences in prevalence.
